Tissue-specific deletion of Fgfr1 results in severe defects in the development of both hair cells and support cells (Pirvola et al., 2002) . Despite the importance of Fgfr1 in this early phase of cochlear development, the timing for the requirement for FGF signaling at this stage is not known. Therefore, we investigated the requirement for FGF signaling at early stages of cochlear development using an FGF receptor inhibitor. We find that inhibition of FGF signaling from embryonic day 14 (E14) to E16 has a dramatic effect on the development of the sensory epithelium, causing a severe reduction in hair cells and support cells, similar to that reported for the Fgfr1 deletion. The effects of inhibition of FGF signaling on sensory specification are not explained by increases in cell death or changes in proliferation but lead to a rapid reduction in Pea3 and Erm and a loss of Math1 expression. We also show that a specific FGF, FGF20, is the likely ligand for FGFR1 at this sensory specification phase of cochlear development; Fgf20 is expressed at the right time and place to mediate sensory cell specification, and blocking FGF20 with a specific antibody inhibits hair cell and support cell development in a manner similar to the FGF receptor inhibitor. Our results thus define the period of FGF-dependent sensory cell specification and the ligand that mediates this step in cochlear development.
Introduction
The organ of Corti, which mediates auditory function in mammals, develops from the otic placode. The cochlea forms initially from an out-pocketing of the ventromedial otocyst at embryonic day 12 (E12) in the mouse (Morsli et al., 1998) . The hair cells and the associated support cells of the organ of Corti are born between E12 and E16, from the apex to the base, with most hair cells birthdated by E14 (Ruben, 1967) . A few days later, a temporal gradient of hair cell and support cell differentiation begins in the midbasal region of the cochlea and proceeds along the entire length of the epithelium. The mature complement of hair cells, one row of inner and three rows of outer, is achieved by E17-E18 in the mouse (Ruben, 1967; Sher, 1971; Lim and Anniko, 1985) .
Fibroblast growth factors (FGFs) have been shown to be of critical importance for the development of the organ of Corti. FGFs form a large family of proteins that act as signaling molecules in many key developmental processes (Ford-Perriss et al., 2001; Itoh, 2001; Ornitz and Itoh, 2001; Itoh and Ornitz, 2004 ). There are now Ͼ23 different known genes that code for Fgfs in mice and humans and four FGF receptors (Fgfr1-4 ) (Zhang et al., 2006) . In mice, FGF3, FGF10, and FGF8 have been implicated in the early inductive events of the otic vesicle (Mansour et al., 1993; Alvarez et al., 2003; Ladher et al., 2005; Martin and Groves, 2006; Ohyama et al., 2007) . Mice deficient in both Fgf3 and Fgf10 fail to form otic vesicles. Similar defects in the early stages of otocyst development are present in mice with targeted deletion of a specific isoform of Fgfr2 (FGFR2 IIIB) (Pirvola et al., 2000) , and it has been proposed that FGF10 and FGF3 act as the ligands for FGFR2 in otic placode formation and patterning (Pauley et al., 2003; .
In the next phase of cochlear development, at the sensory specification phase, FGF signaling is again thought to be required. Tissue-specific deletion of Fgfr1 results in severe defects in the development of both hair cells and support cells, and those sensory cells that develop are found in small clusters (Pirvola et al., 2002) . Despite the importance of Fgfr1 in this phase of cochlear development, the ligand for this effect has not been identified. In addition, the precise timing for the requirement for FGF signaling in this process is not known. Therefore, we investigated the requirement of FGF signaling at the sensory specification phase of cochlear development; we find that inhibition of FGF signaling at early stages of development, using an FGF receptor inhibitor, causes a reduction in hair cells and support cells similar to that in the Fgfr1 deletion. We also show that a specific FGF, FGF20, is the likely activator of FGFR1 at this phase of cochlear development. Our results thus define the period of FGFdependent sensory cell specification and the ligand that mediates this step in cochlear development.
Materials and Methods
Organ cultures of embryonic cochlea. The explants culture was performed according to Hayashi et al. (2007) . In brief, inner ear tissue was isolated from E12.5-E15.0 embryos. The cochlea was treated with 0.1% dispase (Invitrogen), 0.1% collagenase (Invitrogen), and 0.001% DNase (Sigma) for 15 min at 37°C. The cochlear capsule was opened using forceps to expose the cochlear duct. The cochlear ducts were placed on a collagen/Matrigel substrate, along with the mesenchyme surrounding the cochlea. The cochlea duct was opened for the incubation with anti-FGF antibodies to allow the antibodies to reach the surface of the epithelium.
Explants were cultured in modified DMEM/ F-12 medium [DMEM/F-12 (Invitrogen), 0.6% glucose, 5 mM HEPES, 0.13% NaHCO 3 , 800 nM L-glutamine, 100 U/ml penicillin (Sigma), N2 supplement, and 20% fetal bovine serum], 5% CO 2 , at 37°C, and the medium was replaced each day. To inhibit FGF signaling, 3-30 M 3-[(3-(2-carboxyethyl)-4-methylpyrrol-2-yl)-methylene]-2-indolinone (SU5402; Calbiochem) was added into the culture medium. Anti-FGF8, anti-FGF20, and recombinant FGF20 were obtained from R&D Systems.
Immunofluorescence. Whole-mount staining of cultured cochleas was performed according to Hayashi et al. (2007) . The primary antibodies used in this study were as follows: rabbit antiProx1 (Millipore Bioscience Research Reagents) used at 1:1000 dilution; rabbit antiMyo6 used at 1:2000 dilution; goat anti-Sox2 (Santa Cruz Biotechnology) used at 1:1000 dilution; rabbit anti-p75 (Millipore Bioscience Research Reagents) used at 1:2000 dilution. The secondary antibodies used were goat antimouse Alexa 594, chicken anti-rabbit Alexa 594, donkey anti-goat Alexa 594, and donkey anti-rabbit Alexa 488, all from Invitrogen and used at 1:750. Images were captured on a Zeiss Pascal confocal or on an Olympus FluoView system and processed using ImageJ and Photoshop.
After in situ hybridization, the slides were fixed with 4% paraformaldehyde (PFA) for 1 h and washed in PBS. The slides were then incubated with 10% fetal bovine serum and 2% nonfat dry milk in PBS/0.1% Triton X-100 (PBST) for 30 min. After an overnight incubation with the primary antibody (rabbit antiMyo6 or mouse anti-p27 kip1 ; BD Transduction Laboratories) at 1:300 dilution at 4°C, the sections were rinsed with PBST, incubated for 90 min with a fluorescent-conjugated secondary antibody, rinsed with PBST, and coverslipped in Fluoromount G (Southern Biotechnology). Images were captured on a Zeiss Axioplan microscope using a SPOT CCD camera and processed using Adobe Photoshop.
For terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) staining, the cochlear explants were fixed in 4% PBS for 2 h and washed in PBST. The explants were incubated with 3 /ml terminal deoxynucleotidyl transferase (Promega) and 5 mM Alexa 546-conjugated dUTP in PBST for 2 h at 37°C.
In situ hybridization. The cochlear explants were fixed with 4% PFA for 2 h and dehydrated in ethanol/xylene series. The samples were rehydrated in PFA. For the section in situ, whole heads (E13.5, E15.5, and E18.5) were fixed in a modified Carnoy's solution for 6 h at room temperature. The samples were washed and dehydrated in 100% ethanol overnight at 4°C and embedded in paraffin, and 6 m sections were collected. At least three animals were examined at each time point. Mouse ERM and Pea3 cDNAs were obtained from Open Biosystems, and cDNA coding for mouse Fgfr1 and Fgfr2 was a gift from Dr. P. Soriano (Fred Hutchinson Cancer Research Center, Seattle, WA) . cDNA for mouse Sox2 was a gift from Dr. H. Kondoh (Osaka University, Osaka, Japan). cDNA for mouse Fgf20 was a gift from Dr. S. L. Mansour (University of Utah, Salt Lake City, UT), and cDNA for Fgfr4 was a gift from Dr. A. McMahon (Harvard University, Boston, MA). Digoxigenin (DIG)-labeled probes were prepared according to the manufacturer's manual for DIG-11-UTP (Roche), and the hybridization was performed according to Hayashi et al. (2007) . The in situ product was visualized using anti-DIG alkaline phosphatase-conjugated secondary antibody (Roche) and NBT (nitroblue tetrazolium)/BCIP (5-bromo-4-chloro-3-indolyl phosphate).
Quantitative PCR analysis of cochlea RNA. Total RNA was extracted from pools of six to eight cochleas (E13.0) cultured with/without 30 M SU5402 using TRIzol (Invitrogen). Three independent RNA pools were prepared for each experiment. cDNA was synthesized by Superscript III reverse transcriptase (Invitrogen) using random primers and 2.5 g of total RNA as the template, and quantitative PCRs (Q-PCRs) were per- Figure 1 . Effects of FGF receptor inhibition on hair cell development. A, Experimental design. Three different treatment regimens were used to define the sensitive period for FGF receptor inhibition on hair cell development. The beginning of the line indicates the time at which the cochlea was explanted and treatment was started; the yellow part of the line shows the period when SU5402 was added to the culture. All explants were cultured until the equivalent of E18.5. B, Graph of hair cell number in control (blue bars) and treated (yellow bars) explants for the different treatment groups. Inhibiting FGF receptor from E14 to E16 had the greatest effect on hair cell number, although all treatment regimens showed significant effects (*p Ͻ 0.0005). Each bar in the graphs represents the mean of six explants. Error bars indicate SD. C, D, Control (C) and treated (D) cultures. Explant cultures were immunolabeled with antibodies to Sox2 (red) and Myo6 (green). C, D, Higher-magnification images of the regions boxed in panels C and D. E, F, Control (E) and treated (F ) explants from Math1-GFP mice and immunolabeled with p75 to show pillar cells.
formed using the cDNAs and the following primer sets (Primer Bank identification): ERM (24528550a1) and Pea3 (6679271a2). Q-PCR was performed by using an Opticon monitor (Genetic Technologies), and the cycle in which log phase was attained was recorded. A SYBR Green-based mastermix (Applied Biosystems) was used for the PCRs. All samples were normalized to expression of GAPDH (glyceraldehyde-3-phosphate dehydrogenase).
Results

In vitro analysis of FGF signaling
Much of what we know about the role of FGFs in cochlear development in mice comes from analysis of knock-out mice. Although these experiments have been invaluable for implicating a specific FGF or receptor in the process of cochlear development, it has been difficult to define the temporal requirements for FGF signaling, because the gene is deleted throughout cochlear development. However, several groups have used an in vitro approach to define key periods in cochlear development during which inductive signaling events are required. To define the period of cochlear development when FGF signaling is required for the formation of the sensory epithelium, we treated explant cultures with a small molecule inhibitor of FGF receptors (SU5402). SU5402 is a highly effective inhibitor of FGF receptors (Moham- madi et al., 1997) and has been used previously at later stages of cochlear development to examine the requirement for FGFR3 in support cell development (Mueller et al., 2002; Jacques et al., 2007) . We verified that SU5402 treatment phenocopies the effects of FGF receptor deletion at later stages of cochlear development, by treating E18 cultures with 30 M SU5420 for 48 h; consistent with the previous studies, the effect on cochlear development is similar to the Fgfr3 knock-out: pillar cells fail to develop their characteristic morphology (there is no clear space between the inner and outer hair cell rows indicative of pillar heads) and do not express p75 (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material).
To determine the time during the prosensory period when FGF signaling is required, we made explant cultures from E12.5, E14, or E15 and treated them for 40 h; the SU5402 was then removed, and the explant was cultured for varying lengths of time as shown in Figure 1 A. Explants were fixed and labeled with the combination of Sox2 and Myosin6 (Myo6) or of Sox2 and Prox1 to determine the overall extent of the sensory epithelium (defined as the Sox2ϩ region) and the number of hair cells and support cells within this region (Myo6ϩ or Prox1ϩ, respectively). We found that treatment of cultures with 30 M SU5402 in each of the three periods caused a reduction in the number of hair cells (Fig. 1 B) , but the most dramatic reduction was found when the explants were treated from E14 to E16 (Fig.  1C,D) . The number of hair cells was reduced from 1422 (Ϯ263.3) in the control cultures to 52 (Ϯ20.2) in the 30 M SU5402-treated cultures of E14 -E16 (Fig.  1 B) . The reduction of hair cells during this most sensitive period (E14 -E16) was dose dependent (control, 1422 Ϯ 263.3; 3 M, 1204 Ϯ 343; 15 M, 778 Ϯ 192; 30 M, 52 Ϯ 20) . The treatment groups of 15 M ( p Ͻ 0.002) and 30 M ( p Ͻ 0.0001) showed significant differences compared with the control. Those hair cells that form are organized in small clusters (Fig. 1 D) , similar to what has been seen in the conditional Fgfr1 deletion (Pirvola et al., 2002) . All of the explants (12 of 12) treated with SU5402 from E14 to E16 show clusters of hair cells, and these clusters are seen throughout the explant, from base to apex. When explants were treated at E12, 6 of 10 explants showed reduced truncated sensory epithelia without clusters, and 4 of 10 explants showed clusters of hair cells in addition to a truncated epithelium.
Reduction in hair cell numbers was confirmed using explants from a Math1-GFP strain ( Fig. 1 E, F ) . Interestingly, the support cells that develop in the SU5402-treated cultures are primarily pillar cells, as shown by p75 immunoreactivity (Fig. 1 E, F ) . We also found that SU5402 treatment causes a severe reduction in the number of support cells that develop in the cultures. We labeled treated and control cultures with an antibody against Prox1 (Fig.  2) , a support cell marker (Bermingham-McDonogh et al., 2006) , and found a significant reduction in the number of Prox1ϩ cells ( Fig. 2C) . Like the hair cells in the treated cultures, the remaining support cells were also, at times, clustered in small rosettes (Fig.  2 B, BЈ,C) .
The effects of FGF receptor inhibition on sensory cell development are rapid. We assayed the expression of two transcription factors known to be downstream of FGF signaling in other systems, Pea3 and ERM. After the SU5402 treatment, expression levels of both Pea3 and ERM were downregulated in the epithelium and the mesenchyme (Fig. 3A-D) . By Q-PCR analysis, we confirmed that both were significantly reduced within 12 h of treatment with SU5402 (Fig. 3E ). In addition, we assayed Math1 expression using in situ hybridization after SU5402 treatment (Fig. 3F-H ) . Math1 is not expressed in the cochlea at the time of dissection (Fig. 3F ) , but in control cultures, it is expressed within 24 h (Fig. 3G) ; however, in SU5402-treated cultures, Math1 is not expressed in the cochlea (Fig. 3H ) . Interestingly, the expression of Math1 in the vestibular epithelia is not affected at this time ( Fig. 3F-H,  V) .
To determine whether the reduction of hair cells and support cells in the SU5402-treated cultures was attributable to cell death, we quantified the number of apoptotic cells in the Sox2ϩ domain in treated and control E14 explant cultures using TUNEL staining. We did not find a significant difference between the treated and control cultures in the number of apoptotic cells within the Sox2ϩ domain after 40 h of SU5402 treatment (control: 96 Ϯ 20, n ϭ 5; SU5402 treated: 139 Ϯ 20, n ϭ 5; p ϭ 0.124, Student's t test). It is also unlikely that the effects of SU5402 treatment on hair and support cell development are attributable to an inhibition in the proliferation of the progenitors to these cells, because we see effects of SU5402 treatment at a time (E14) when, in most of the cochlea, the precursors of hair cells and support cells have already withdrawn from the cell cycle (Ruben, 1967; Lee et al., 2006) . We cultured E14.0 Math1-GFP cochlea with bromodeoxyuridine (BrdU) for 40 h with BrdU added to the medium the entire period. We found a few BrdUϩ (Ͻ20) cells in the sensory epithelium, as defined by the Math1-GFP-expressing hair cells, but these were confined to the base and were not in the hair cells themselves (supplemental Fig. 2C , available at www. jneurosci.org as supplemental material). At early stages of cochlear development (E12-E14), there are still mitotic cells within the sensory epithelium, and so some of the effects of blocking FGF receptors may be attributable to a reduction in proliferation of hair cell progenitors (supplemental Fig. 2 A, B , available at www. jneurosci.org as supplemental material). However, at later stages of cochlear development (ϾE14), the vast majority of hair cell progenitors have exited the mitotic cycle, and so the effects we observe with SU5402 treatment are not attributable to inhibition of proliferation.
Expression patterns of Fgf20 and its signaling components in the developing sensory epithelium
In an in situ screen of known FGFs that would make good candidates for regulating cochlear development, we discovered that Fgf20 is highly expressed for a distinct period of cochlear development, from E13.5 to E16.5 in the presumptive sensory epithelial domain (Fig. 4) . FGF20 is a member of the FGF9 subfamily of FGFs. The FGF9 subfamily activates all FGFRc isoforms (Zhang et al., 2006) . At E13.5, the expression of Fgf20 is present at the base (Fig. 4 A, turn 1) but not the apex (Fig. 4 A, turn 2) . The expression of Fgf20 persists through all turns of the cochlea at E14.0 - Figure 6 . Developmental expression patterns of Fgf receptors and downstream targets. All panels show the basal turn of the cochlear ducts. A, Fgfr1 is expressed broadly in the developing cochlea at E13.5 as well as in the surrounding mesenchyme. F, L, The expression becomes more concentrated to the ventral cochlear duct and, in particular, in the area of presumptive sensory epithelium at E15.5 (F ); the expression is then downregulated as the hair cells differentiate at E18.5 (L). B, G, M, Fgfr2 is expressed only in the lateral domain of the developing cochlear duct at E13.5 (B), at E15.5 (G), and at E18.5 (M ). This is the region that will give rise to the stria vascularis. C, H, N, Fgfr3 is not expressed at E13.5 (C) but is expressed specifically in the sensory region at E15.5 (H ), and this expression is confined to pillar cells and Deiters' at E18.5 (N ). D, E, I, J, O, P, ERM (D, I, O) and Pea3 (E, J, P), downstream targets of FGF signaling, are also expressed from E13.5 (D, E) and concentrated to the presumptive sensory domain (delineated by p27 staining in K ) at E15.5 (I, J ) and continue to be expressed in developing pillar and Hensen cells at E18.5 (O, P). Q, The developing hair cells are labeled with Myo6, which is the same section shown in P.
E15.5 (Fig. 4 B, C) . At E16.5, Fgf20 is still expressed in the apical turns (Fig. 4 D , turns 3 and 4) but shows only a very low level of expression in the base (Fig. 4 D,  turns 1 and 2, DЈ) . Thus, Fgf20 is expressed as a wave that spreads from base to apex and then declines in a similar pattern. To identify the temporal and spatial relationship among Fgf20, Fgfr1, and Sox2, a prosensory marker, we compared the expression patterns of these genes in adjacent sections. Fgf 20 and Sox2 are essentially overlapping in their expression patterns at E14 and E15 (Fig. 5A-D,G) . Fgfr1 shows a more diffuse expression pattern (Fig. 5E) ; however, it is upregulated in the region of the developing sensory epithelium at E15.0 (Fig. 5F ), and this upregulation sweeps from base to apex. Fgf20/Sox2 expression overlaps with Fgfr1 expression; however, the stronger expression of Fgfr1 in the developing sensory epithelium extends further laterally than the Fgf20 domain (Fig. 5 H, I ).
Expression patterns of FGF receptors and their downstream targets in the developing sensory epithelium
We examined the expression patterns of all four FGF receptors in an effort to see which FGF receptor(s) could potentially act as the receptor for FGF20. Fgfr1 and Fgfr2 are both expressed at early embryonic stages in cochlear development (Fig.  6 A, B) . Fgfr1 has a somewhat diffuse pattern of expression through the cochlear epithelium and at E13.5 (Fig. 6 A and supplemental Fig. 3 , available at www. jneurosci.org as supplemental material) but is more highly expressed in the ventral region of the cochlea epithelium (Fig. 6 A,  arrowheads) . This higher ventral expression becomes more pronounced at E 15.5 (Fig. 6 F, arrow) . Fgfr1 is also expressed in the mesenchymal cells (Fig. 6 A) . In contrast, Fgfr2 is expressed in a dorsolateral domain of the cochlear duct, in the presumptive stria vascularis and developing spiral prominence, at all stages we examined (Fig. 6 B, G,M ) . Fgfr3 is expressed in otic capsule cells but not in the cochlear duct at E13.5-E15.0 (Fig. 6C , arrowheads, and supplemental Fig. 3 , available at www.jneurosci.org as supplemental material), but at later stages of development (E15.5 and E18.5), Fgfr3 expression delineates the sensory domain (Fig.  6 H, N and supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). These expression patterns suggest that Fgfr1 is the most likely receptor for FGF20, because it is expressed at the right time and place. Fgfr4 is expressed in the mesenchymal cells but is never expressed in the developing sensory epithelium (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material).
We also examined the expression of potential downstream targets/effectors of FGF signaling at the time of Fgf20 expression. Pea3 and Erm are known to be transcriptionally regulated by FGF signaling. Both Erm and Pea3 show widespread expression in a ventral domain of the cochlear duct at E13.5 (Fig. 6 D, E) . This expression becomes restricted over the next few days to the region of the duct that will give rise to the sensory cells (Fig. 6 I-K ) . At E18.5, Erm and Pea3 are only expressed by developing pillar cells and in the Claudius/Hensen cell region (Fig. 6O-Q) .
Fgf20 is required for sensory epithelial development
The expression pattern of Fgf20 suggested to us that this is a likely candidate for the ligand for FGFR1 during sensory specification in the developing cochlea. To test this hypothesis, we cultured explants of cochlea starting at E12.5-E13.0, as described above. We then added a blocking antibody against FGF20 to some of the cultures at varying concentrations, whereas sister cultures received an equivalent concentration of an IgG control antibody (Fig. 7) . The IgG-alone (60 g/ml) treated cultures had similar numbers of hair cells as untreated explants; when explanted at E13, the number of hair cells that develop in culture is between the values for E12 and E14 (compare Fig. 1 B) . However, we found a dose-dependent inhibition of hair cells in the cultures treated with the anti-FGF20 antibody (control IgG, 1011 Ϯ 200 vs 60 g/ml anti-FGF20, 88 Ϯ 42). Moreover, those hair cells that formed were organized in small clusters (Fig. 7 B, BЈ) , similar to what we observed in the SU5402-treated cultures. The inhibition of the hair cell development in the cochleas cultured in the presence of anti-FGF20 was rescued by the addition of recombinant FGF20 protein. A 1:1 antibody to FGF20 ratio resulted in 423 Ϯ 64 hair cells versus 88 Ϯ 42 in antibody alone (Fig. 7C,D) . We FGF20 (B, B) , or 60 g/ml of the blocking antibody with 9 g/ml recombinant FGF20 (C, C) from E13 for 5 d A, B, and C are higher-magnification images of the regions boxed in A-C. There is a high background in the red channel because the Sox2 and the FGF20 antibodies are both produced in goat. Each bar represents the mean of five explants. The hair cells were immunolabeled with Myo6 (green) and Sox2 (red) antibodies. D, Graph of hair cell number with increasing concentrations of anti-FGF20 (yellow bars), 60 g/ml IgG control antibody (blue bar), 60 g/ml anti-FGF20 antibody plus 9 g/ml recombinant FGF20 (rFGF20; green bar). N, Number of explants. Error bars indicate SDs. *p Ͻ 0.02; **p Ͻ 0.00002.
were unable to use higher concentrations of FGF20 (typical of antibody rescue experiments) because of the robust effects on proliferation of mesenchymal cells, in the explant culture, leading to their rapid overgrowth. Together, our data support the hypothesis that FGF20 is required for normal hair cell development.
To determine whether inhibiting FGF20 blocked support cell development, as well as hair cells, we used explants of cochlea from Math1-GFP reporter mice and colabeled them with a marker for support cells, Prox1. We found that treatment of cultures with anti-FGF20 led to a profound inhibition in Math1 expression (Fig. 8C-CЉ ) compared with the IgG control. In addition to the effects on hair cell development, we found that inhibition of FGF20 also blocked support cell development; the number of Prox1ϩ support cells was greatly reduced in the cultures treated with anti-FGF20 compared with the IgG control cultures (Fig. 8C-CЉ) . We also treated cultures with an antibody against FGF8 (30 g/ml); anti-FGF8 had no effect on the development of either hair cells or support cells at this stage of treatment (Fig.  8 BЈ-Bٞ) , whereas anti-FGF8 prevented the pillar cell development in the later stage as reported previously (supplemental Fig.  1 B, available at www.jneurosci.org as supplemental material).
Discussion
We investigated the requirement for FGF signaling at early stages of cochlear development. We found that there is a particularly sensitive period in development (E14 -E16) when inhibition of FGF signaling has a dramatic effect on the development of the sensory cells. The effects of inhibition of FGF signaling on sensory specification are not attributable to increases in cell death or changes in proliferation, but rather result from a rapid reduction in Pea3 and Erm and an inhibition of Math1 onset. We also show that a specific FGF, FGF20, is expressed at the right time and place to mediate sensory cell specification; in addition, blocking FGF20, with a specific antibody, inhibits hair cell and supports cell development in a manner similar to the FGF receptor inhibitor. Our results thus define the period of FGF-dependent sensory cell specification and the ligand that mediates this step in cochlear development.
Previous experiments by Pirvola et al. (2002) have shown that tissue-specific deletion of Fgfr1 results in severe defects in the development of both hair cells and support cells. Although these experiments defined a role for FGF signaling in sensory cell specification, they were unable to define the precise period when this receptor was required. Our in situ hybridization results indicate that Fgfr1 is expressed in the presumptive sensory domain from E13 until E16, and our experiments with SU5402 define the most sensitive period from E14 to E16. Whereas Pirvola et al. (2002) proposed that FGF10 might be the ligand for FGFR1 in the early phase of cochlear development, more recent studies have shown that mice deficient in Fgf10 have no hair cell defects in cochlear development (Pauley et al., 2003) . Another FGF that is also expressed in the sensory epithelium during embryonic development is FGF8. We found that treatment of the cultures with anti-FGF8 had no effect on hair cell development, although we did find an inhibition of pillar cell development that was reported in a previous publication. Instead, our results indicate that FGF20 is the likely ligand for FGFR1 in the sensory cell specification phase of cochlear development for several reasons: (1) Fgf20 is highly expressed for a very brief period, from E13.5 to E16, in the presumptive sensory epithelial domain, which (2) coincides with Fgfr1 expression and the expression of two potential downstream targets of FGF signaling, ERM and Pea3; and (3) inhibition of FGF20 with a specific antibody blocks sensory cell development. FGF20 has been shown to have activity on all c-forms of the FGF receptors, with the preferred receptor FGFR3c (Zhang et al., 2006) . Fgfr3 is also expressed in the developing cochlea, close to the time when inhibition of FGF signaling has an effect on sensory cell development; however, we do not think it is involved in this process for three reasons. (1) Fgfr3 is not expressed in the cochlea until E15.5, and then it is only expressed in the base (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material), so Fgfr3 could only be important at the end of sensory specification. (2) More importantly, Fgfr3 knock-out mice do not show a reduction in the number of hair cells and support cells (Hayashi et al., 2007) ; rather, there is an increase in hair cell number in these mutants. This is the opposite result one would expect if the effects we observe with SU5402 or anti-FGF20 treatments were mediated through Fgfr3. (3) Although FGF20 is more active on FGFR3 than FGFR1, there is only a twofold difference, and we found that Fgf20 is highly expressed and thus likely to activate FGFR1c in the developing sensory epithelium.
How does FGF20 -FGFR1 regulate sensory cell specification? Pirvola et al. (2002) concluded that the loss of hair cells and associated support cells in the conditional Fgfr1 deletion was attributable to a reduction in proliferation of their progenitors. Whereas at early stages of development it is likely that Fgfr1 mediates cell proliferation, we do not think that a reduction in the proliferation of the hair cell progenitors can explain our results, because SU5402 treatment inhibits hair cell and support cell formation most dramatically at a time in cochlear development, E14 to E16, when nearly all of the precursors of hair cells and support cells have withdrawn from the cell cycle (Ruben, 1967; Lee et al., 2006 ) (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). It is also unlikely that inhibition of FGF20 or FGF receptors causes the reduction in hair and support cells by increasing cell death in the cultures, because we did not find a significant difference in the number of apoptotic cells between the control and treated cultures. We propose instead that FGF signaling is responsible either directly or indirectly for the up-regulation in Math1 expression that normally occurs during this phase of development in the cochlea. It is possible that the activation of FGFR1 by FGF20 acts via the upregulation of E26 transformation-specific (Ets)-domain transcription factor expression. In the developing Drosophila chordotonal organ, a low level of atonal is expressed in the proneural clusters. The upregulation of atonal (and consequent commitment to the chordotonal precursor fate) is triggered by the activation of the receptor tyrosine kinase EGFR, which in turn upregulates Pnt (the fly Pea3/ERM homolog) expression via the MAPK (mitogenactivated protein kinase) pathway. The combination of low-level atonal and high Pnt form a complex and act together on a neighboring E-box and Ets-binding site in the atonal promoter to drive the high-level atonal necessary for formation of chordotonal precursors (zur Lage et al., 2004) . A similar process may occur at the onset of hair cell differentiation in the mammalian cochlea. Consistent with this model, we found that inhibition of FGF signaling in mammalian cochlea causes a rapid reduction in the Pnt homologs Pea3 and ERM and blocks the onset of Math1 expression.
Our model for how FGF20 fits into the current data on cochlear development is shown in Figure 9 . One of the earliest factors known to be essential for the development of the sensory epithelium in the cochlea is Sox2 (Kiernan et al., 2005a) . This transcription factor is reduced in its expression in the Jagged1 knock-out mouse, which itself is critical for the prosensory phase of development (Morrison et al., 1999; Brooker et al., 2006; Kiernan et al., 2006) . Hesr1 and Hesr2 are regulated by Notch at this stage of development and may mediate the Jagged1 signal (Hayashi et al., 2008) . Shortly after the expression of Hesr1/2, we found that Fgf20 is expressed by cells within the presumptive sensory epithelial domain, as a subset of the Sox2ϩ-expressing cells. At this stage in cochlear development, our data show that FGFR1 is the only FGF receptor expressed in this domain, and thus it appears likely that FGFR1 is the receptor for FGF20. The signal of FGF20 to FGFR1 activates downstream members of the Ets-domain transcription factor family, Pea3 and Erm, which, we propose, go on to activate Math1 expression, either directly or through a still unidentified factor. Math1 expression in the sensory epithelium leads to hair cell development (Bermingham et al., 1999; Chen et al., 2002) , and these cells signal to the surrounding cells via Jagged2 and Dll1 (Lanford et al., 1999; Kiernan et al., 2005b) to direct support cell (Prox1ϩ) fate (BerminghamMcDonogh et al., 2006) . Support cells are further specialized through a later FGF signal, FGF8 from the inner hair cells to FGFR3 in the pillar and Deiters' cells (Colvin et al., 1996; Mueller et al., 2002; Shim et al., 2005; Hayashi et al., 2007) . Although this model is still speculative, it is clear from our data that there is an FGF20-dependent step in sensory epithelial development just before the onset of Math1; additional investigations will be necessary to determine the specifics of the model. 
